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Open access under CC BY-NCGlucocorticoids affect reproductive hormone production in many species. In chickens, elevated plasma
corticosterone down-regulates testosterone and progesterone concentrations in plasma, but also in egg
yolk. This suppression could be mediated via the hypothalamic-pituitary system but also via local inhi-
bition of gonadal activity by glucocorticoids. As the latter has not been tested in birds yet, we tested if
corticosterone directly inhibits ovarian steroid synthesis under in vitro conditions. We hypothesized that
degradation of corticosterone by follicular cells impairs their ability to synthesize reproductive hormones
due to either inhibition of enzymes or competition for common co-factors. Therefore, we ﬁrst established
whether follicles degrade corticosterone. Follicular tissue was harvested from freshly euthanized laying
hens and incubated with radiolabelled corticosterone. Radioactive metabolites were visualized and
quantiﬁed by autoradiography. Follicles converted corticosterone in a time-dependent manner into
metabolites with a higher polarity than corticosterone. The predominant metabolite co-eluted with
20b-dihydrocorticosterone. Other chicken tissues mostly formed the same metabolite when incubated
with corticosterone. In a second experiment, follicles were incubated with either progesterone or
dehydroepiandrosterone. Corticosterone was added in increasing dosages up to 1000 ng per ml medium.
Corticosterone did not inhibit the conversion of progesterone and dehydroepiandrosterone into a number
of different metabolites, including 17a-hydroxyprogesterone, androstenedione and testosterone. In
conclusion, avian tissues degrade corticosterone mostly to 20b-dihydrocorticosterone and even high
corticosterone dosages do not affect follicular hormone production under in vitro conditions.
 2013 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction sive effects on reproductive steroid hormone production of the go-Ample research on hormone content in birds’ eggs has shown
that environmental conditions experienced by the avian mother af-
fect reproductive hormone concentrations in her eggs, which in
turn inﬂuence the phenotype of the developing chick (Gil, 2003;
von Engelhardt and Groothuis, 2011). These hormone- mediated
maternal effects have been suggested to be an epigenetic mecha-
nism to maximize reproductive success (Groothuis et al., 2005).
However, the physiological mechanism allowing the female to
modulate hormone content of her eggs is still elusive (Groothuis
and Schwabl, 2008). In mammals, glucocorticoids exert suppres-SH, follicle stimulating hor-
, hydroxysteroid dehydroge-
ni.ac.at (S. Rettenbacher),
l (T.G. Groothuids), Michael.
d Physiology Group, Depart-
iversity, SE-581 83 Linköping,
-ND license.nads (Hardy et al., 2005; Moberg, 1991; Rivier and Rivest, 1991;
Tilbrook et al., 2000). Accordingly, stressful conditions experienced
by a female bird seem to change the hormone content of her eggs
(Bertin et al., 2008; Henriksen et al., 2011b; Janczak et al., 2009;
Okuliarova et al., 2010). In a recent experiment, Henriksen et al.
Henriksen et al. (2011a) showed that elevated concentrations of
circulating corticosterone lead to a decrease of reproductive hor-
mones both in plasma and egg: Laying hens with corticosterone-
releasing implants not only had lower plasma testosterone and
progesterone levels than placebo implanted control females, they
also produced eggs that contained less yolk testosterone and pro-
gesterone. It was thus concluded that corticosterone suppresses
ovarian steroid hormone synthesis in chickens. However, the exact
mode of action of glucocorticoids on the ovary’s hormone produc-
tion was not addressed to date in avian species.
Based on mammalian research, glucocorticoids can affect gona-
dal function at multiple levels (Whirledge and Cidlowski, 2010).
Glucocorticoids decrease synthesis and release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus by disrupting
the GnRH pulse frequency (Bambino and Hsueh, 1981; Oakley
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hormone (LH) and follicle stimulating hormone (FSH) by inhibiting
pituitary responsiveness to GnRH (Breen and Karsch, 2006; Matsu-
waki et al., 2006; Saketos et al., 1993). Glucocorticoids can also ex-
ert direct action on the gonads themselves (Michael and Cooke,
1994; Tetsuka, 2007). This local effect of glucocorticoids on gona-
dal steroidogenesis is most likely receptor-mediated as effects
can partly be prevented by blocking the glucocorticoid receptor
with an antagonist (Dong et al., 2004; Orr and Mann, 1992).
Corticosterone inhibits the enzymes 3b- and 17b-hydroxysteroid
dehydrogenase (HSD) in Leydig cells (Orr et al., 1994; Sankar
et al., 2000b). On the molecular level it was found that excess corti-
costerone suppresses mRNA expression of 3b-HSD1 and 17b-HSD3
enzymes (Badrinarayanan et al., 2006). This local suppressive effect
of glucocorticoids on enzyme activity or availability greatly depends
on the ability of the cells to modulate or regulate the amounts of
glucocorticoids present. Most tissues convert glucocorticoids into
their inactive 11-oxo-forms (Seckl and Walker, 2004; Tetsuka
et al., 1999). For this oxidation, the presence of a co-factor that
can be reduced is necessary. High amounts of glucocorticoids might
thus lead to a shortage of co-factors which are also necessary for sex
steroid synthesis, thereby decreasing enzymatic activity (Whirledge
and Cidlowski, 2010). Latif et al. Latif et al. (2011) suggested that
11b-HSD1 is enzymatically coupled to 17b-HSD3, utilizing NADPH
and NADP in intermeshed regeneration systems. Kavitha et al.
Kavitha et al. (2006) showed that the inhibitory effect of corticoste-
rone on Leydig cell steroidogenesis is mediated through defective
co-factor generation, resulting in NADPH shortage caused by the
involvement of corticosterone on glucose oxidation.
As the majority of the performed investigations used mamma-
lian species, in birds knowledge about physiological mechanisms
is much more fragmentary. It is however likely that glucocorticoids
inhibit reproductive hormone production in birds also via at least
two of the pathways described above: Circulating LH concentra-
tions decreased due to glucocorticoid elevation (Etches et al.,
1984; Goutte et al., 2010) indicating suppressive effects on the
hypothalamic-pituitary level. It was also found that stress down-
regulates reproductive hormones’ concentrations in chickens with-
out affecting plasma levels of LH and FSH (Rozenboim et al., 2007),
indicating a direct modulation of ovarian function. To our knowl-
edge, the local action of glucocorticoids on the gonads has not been
addressed to date in birds. We therefore investigated if corticoste-
rone exerts an inhibitory effect on ovarian steroid hormone syn-
thesis in the chicken ovary under in vitro conditions. We
hypothesize that the degradation of corticosterone by enzymes
present in the follicular cells inhibits the production of reproduc-
tive hormones by either competition for common co-factors or
by inhibition of speciﬁc enzymes. We performed two experiments:
In the ﬁrst experiment we tested if corticosterone is metabolized
by chicken follicle cells, thereby conﬁrming the presence of en-
zymes and co-factors necessary for degradation. We incubated fol-
licular tissue with radiolabelled corticosterone. The formed
metabolites were separated via thin-layer chromatography and
visualized and quantiﬁed by autoradiography. Tissues from other
organs were also incubated with radiolabelled corticosterone to as-
sess whether the formed metabolites are tissue-speciﬁc for the
ovary. In the second experiment we investigated the enzymatic
conversion of radiolabelled progesterone (P4) and dehydroepian-
drosterone (DHEA) by follicular tissue in the presence of corticoste-
rone. Unlabelled corticosterone was added in increasing
concentrations to the cell culture medium. We chose the steroid
hormones P4 and DHEA as precursor hormones to be able to
differentiate if corticosterone selectively inhibits speciﬁc enzymes
(17a-hydroxylase and 17,20-lyase for conversion of P4 into andro-
stenedione and 3b-HSD for conversion of DHEA into androstenedi-
one). Investigations were carried out using ovarian follicles ofdifferent sizes in both experiments, because the enzymatic capac-
ities of birds’ follicles change during the course of maturation (Tilly
et al., 1991).2. Materials and methods
2.1. Animals
We used 16 female and 3 male adult laying hybrids that were
offspring from chickens bred for another experiment (Henriksen
et al. in prep.). Due to the set-up of the previous experiment all
birds were cross-breeds between white Leghorn, ISA brown and
Rhode Island Red laying hybrids. They were aged 37 weeks, housed
in same-sex groups in open aviaries and received commercial layer
mash and water ad libitum. All females regularly laid eggs. Average
weight of the females was 2.2 ± 0.2 kg (mean ± sd). All birds were
euthanized by intravenous injection of a barbiturate overdose fol-
lowed by decapitation.2.2. Experiment 1- metabolism of radiolabelled corticosterone by
chicken tissues
Four females were used for experiment one. Immediately after
euthanasia, the females’ ovaries were harvested. Three different
sized follicles with mean (±sd) diameters of 34 ± 1 mm,
26 ± 2 mm and 10 ± 2 mm (referred to as F1, F2 and F3) respec-
tively, were collected from each female. The follicles were cleaned
from connecting tissue, opened and everted. By rinsing the tissue
with pre-warmed physiological saline solution, yolk basal lamina
and granulosa cells were ﬂushed out (Gilbert et al., 1977). The
remaining theca layers were washed with saline solution to re-
move any left over yolk and divided into tissue fragments of
0.05 g. Each tissue fragment was incubated in 1 ml medium (Eagles
MEM) which contained 42,000 Bq per ml of radiolabelled cortico-
sterone (NET-399; [1267-3H(N)]- corticosterone; 2830.5 GBq/
mmol; obtained from Perkin Elmer, MA, USA). Samples were incu-
bated in a water bath at 39 C. Of every vial 0.2 ml were taken out
after 1 h, 2 h, 4 h and 8 h of incubation respectively, and frozen
immediately at 20 C. Samples were transferred to the lab on
dry ice. We also incubated radiolabelled corticosterone without
any tissue material in medium only as control incubations, to as-
sess a possible spontaneous degradation of corticosterone. Tissues
from three adult males were incubated as described above for the
follicle tissue. From each male, 0.05 g of tissue from testes, liver,
lung, kidney, muscle, brain, adrenals and fat were collected and
incubated in 1 ml medium, each together with the radiolabelled
corticosterone. Again, 0.2 ml were taken out of each incubating vial
after 1 h, 2 h and 4 h and frozen immediately.2.3. Experiment 2- inhibitory effects of corticosterone on ovarian
hormone synthesis
In total, twelve females were used for the second experiment.
Again, three different sizes of follicles with mean (±sd) diameters
of 33 ± 2 mm 24 ± 2 mm and 8 ± 1 mm (referred to as F1, F2 and
F3) respectively, were prepared as described above. From all folli-
cles, three tissue fragments of 0.05 g each were incubated in 1 ml
cell culture medium. Unlabelled corticosterone was added to the
media in three different concentrations (0 ng/ml, 100 ng/ml and
1,000 ng/ml). Subsamples of each six females were incubated with
either 8,000 Bq per ml radio-labelled 4-pregnene-3,20-dione (P4)
or 3b-hydroxyandrostene-17-one (DHEA), all radiolabelled hor-
mones from Perkin Elmer, MA, USA). All samples were incubated
for four hours at 39 C and frozen afterwards.
Table 1
Percentages (means ± s.d.) of recovered radioactivity after incubating radiolabelled
corticosterone for one, two, four and eight hours, respectively with follicle cells of
three different sized follicles collected from each four laying hens.
1 h 2 h 3 h 4 h
Cort 59.3 ± 1.2a 39.0 ± 5.6b 17.3 ± 4.7c 5.9 ± 1.8d
M1 3.8 ± 0.8a 7.8 ± 2.5a,b 12.0 ± 5.7b,c 16.5 ± 7.1c
M2 2.0 ± 0.4a 4.1 ± 01.2b 7.0 ± 1.6c 11.5 ± 1.4d
M3 11.9 ± 2a 24.3 ± 4.5b 34.6 ± 2.9c 42.0 ± 6.5d
M4 1.4 ± 0.3a 2.4 ± 0.7b 4.2 ± 0.9c 6.3 ± 0.2d
Cort = radioactivity found at established elution position of corticosterone; M1 –
M4 = radioactivity found at elution positions of corticosterone metabolites; differ-
ent superscripts in the same line indicate signiﬁcant differences (p < 0.05) between
time points.
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We extracted the radioactive hormones and their metabolites
by adding 2 times 5 ml of diethyl-ether to 0.2 ml of sample and
shaking for 30 min. After centrifugation, samples were frozen at
20 C for a minimum of 3 h and the ether was then decanted into
new vials. After evaporation of the solvent under N2 ﬂow at 40 C,
hormones were reconstituted in 0.3 ml of toluene. Afterwards,
0.1 ml were used for thin-layer chromatography and 10 ll in dupli-
cates were mixed with 12 ml scintillation ﬂuid (Quicksafe A No.
100800; Zinsser Analytic, Maidenhead, UK) to measure radioactiv-
ity in a liquid scintillation counter (Tri-Cab 2100 TR; Packard
Instruments, Meridien, CT, USA) for 5 min while running a quench
compensation program to calculate recoveries. We also measured
0.2 ml of the cell culture medium after the extraction to determine
the amount of radioactivity that remained in the medium.
2.5. Thin layer chromatography
Thin layer chromatography was performed on TLC silica gel 60
aluminum sheets 20  20 cm (Merck JSC, Darmstadt, Germany)
that were prewashed with pure methanol. After 0.1 ml of the sam-
ple were applied on the TLC plate via linomat (CAMAG Linomat III),
plates were put into a TLC chamber which was fully saturated with
the respective solvent.
In the corticosterone metabolism experiment, two different mo-
bile phases were used after each other. Plates were ﬁrst developed
using toluene:acetone (1:1), until the solvent front reached 7 cm
on the plate. Plates were dried under room temperature until the
solvent had fully evaporated. In a second run, cyclohexane:ethylac-
etat (1:2) was used until the solvent front reached 14 cm. In the P4
and DHEA incubations, we used a mixture of toluene:ethylace-
tate:chloroform (1:3:5) as these solvents allowed P4, androstene-
dione, DHEA, 17a-hydroxyprogesterone, testosterone and
estrogen standards to be reliably distinguished from each other.
Plates remained in the TLC chamber until the solvent front reached
17 cm.
2.6. Visualization and quantiﬁcation of radioactivity via ß-Imager
The TLC plates were dried with a hair drier for several minutes
before they were inserted into the beta-imager measurement
chamber. Tritium quantiﬁcation was done in a beta-imager (Bio-
space Lab, Paris, France) for two hours. Quantiﬁcation of the radio-
activity was performed with the Beta Vision +2.0 program (Beta
Imager 2000 Biospace Mesures, Paris, France). For each sample,
the radioactivity measured over the whole length of the band
was taken as 100%, to balance variations between the individual
plates and runs. Measurements of the control incubations ranged
from 219 to 316 cpm, resulting on a coefﬁcient of variation of
18%. This number also includes variations caused by the extraction
procedure itself.
2.7. Identiﬁcation of metabolites
The ratio to front (Rf) values of the radioactive metabolites were
compared to steroid standards that were run at the outermost left
and right lane. Unlabelled steroid standards were visualized via sul-
furic acid and heating, as described by Bamberg et al. Bamberg et al.
(2004). The spots were marked by applying radioactivity on the
established elution positions afterwards, to enable detection via
the beta-imager. We tested the following standards in experiment
one: corticosterone, 11-dehydro-corticosterone, aldosterone, 20a-
dihydrocorticosterone, 20b-dihydrocorticosterone, 5a-3a,11b,
21-triol-20-one (allotetrahydrocorticosterone), 5a-3b,11b,21-triol-20-one, 5b-3a,11b,21-triol-20-one (tetrahydrocorticoster-
one), 5a-dihydrocorticosterone, 5b-dihydrocorticosterone.
2.8. Statistical analysis
Analyses were performed using a statistical software package
(SIGMASTAT Version 3.0 for Windows Jandel GmbH, Erkrath, Ger-
many). In the ﬁrst experiment, irrespective of their maturation
stage, all follicles produced the same metabolites. The amounts
of radioactivity found at the elution positions of the formed metab-
olites did not differ signiﬁcantly between the three follicle sizes
(RM ANOVAs on ranks: timepoint 1 h: x2 = 0.7; df = 2; p = 0.7;
2 h: x2 = 0.3; df = 2; p = 0.9; 4 h: x2 = 2.1; df = 2; p = 0.4; 8 h:
x2 = 2.1; df = 2; p = 0.4). We therefore decided to combine the data
from the three different follicle sizes. For each hen, we calculated
mean concentrations of the three follicles to assess differences be-
tween time stages. Radioactivities found at the elution positions of
corticosterone and at each formed metabolite were then compared
between different incubation time points (1 h, 2 h, 4 h and 8 h of
incubation) via RM ANOVA and pairwise multiple comparison pro-
cedure (Holm-Sidak). Differences between the amounts of formed
metabolites at each time point were also assessed via ANOVA and
post hoc tests (Holm-Sidak).
3. Results
3.1. Recoveries
In the ﬁrst experiment, 65 ± 9% (mean ± sd) of the added radio-
activity was recovered in the follicle samples resuspended in tolu-
ene, whereas about 12 ± 2% of radioactivity remained in the cell
culture medium of the incubated follicles after twofold extraction
with diethyl-ether. Tissue samples of males still contained about
10 ± 3% of the added radioactivity after the ether extraction and
67 ± 13% of the radioactivity was found in the toluene suspensions.
In the second experiment, 11 ± 2% of the radiolabelled P4 metabo-
lites remained in the cell culture medium after twofold extraction
with diethyl-ether, whereas 5 ± 2% of the metabolites formed from
DHEA were not extractable. After extraction, 59 ± 9% and 66 ± 12%
of the added radioactivity were resuspended in toluene in the pro-
gesterone and DHEA incubation, respectively.
3.2. Experiment 1- metabolism of radiolabelled corticosterone by
chicken tissues
No degradation of radiolabelled corticosterone was observed in
the control incubations. When incubated in the presence of follic-
ular tissue, radiolabelled corticosterone was metabolized in a time-
dependent manner and converted into several radioactive metabo-
lites. They all had a higher polarity than the corticosterone stan-
dard. Four major metabolites could be distinguished and were
Fig. 2. Thin layer chromatographic separations of radioactivity after four hours of
incubation of radiolabelled corticosterone with tissue from kidneys (kid), adrenals
(adr) and testis of one male, radioactivity and after one, two, four and eight hours of
incubation of radiolabelled corticosterone with follicular tissue (F) of one female;
Std=corticosterone standard; Cort=elution position of corticosterone, Dihydro-
cort=elution position of 20b-dihydrocorticosterone, M1, M2, M4=formed metabo-
lites; note that the eight hour sample was applied twice for better comparison.
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to the corticosterone standard; M4=closest to start line). In the
course of the eight hours of incubation time, corticosterone con-
centrations decreased signiﬁcantly (Table 1; RM ANOVA:
F1,3 = 270; p < 0.001) whereas concentrations of the four formed
metabolites increased signiﬁcantly over time (RM ANOVAs, M1:
F1,3 = 12.9; p = 0.001; M2: F1,3 = 105.1; p < 0.001; M3: F1,3 = 87.9;
p < 0.001; M4: F1,3 = 66.3; p < 0.001). Metabolite concentrations
also differed signiﬁcantly within each time stage and one metabo-
lite (M3) that showed the same chromatographic mobility as 20b-
dihydrocorticosterone was predominant. At all time points, highest
amounts of radioactivity were found at the elution position of M3
(ANOVAs, time point 1 h: F1,3 = 77.2; p < 0.001; 2 h: F1,3 = 56.4;
p < 0.001; 4 h: F1,3 = 69.3; p < 0.001; 8 h: F1,3 = 42.6; p < 0.001).
None of the three other metabolites that were formed co-eluted
with any of the tested steroid standards. Two metabolites eluted
between corticosterone and 20b-dihydrocorticosterone and one
metabolite was more polar than 20b-dihydrocorticosterone (see
Fig. 1). The other tissues metabolized the radiolabelled corticoste-
rone similar to the females’ follicles. Again, only metabolites with a
higher polarity than corticosterone were detected. Incubating
radiolabelled corticosterone with tissue fragments from kidneys,
adrenals and testes yielded radioactive metabolites with the same
chromatographic mobilities as in the follicle incubation experi-
ment. Only in testes however, the metabolite co-eluting with
20b-dihydrocorticosterone was predominant (see Fig. 2). Tissue
samples from muscle, brain and lung showed low enzymatic activ-
ity after one and two hours of incubation. After four hours how-
ever, one or two additional metabolites appeared that did not co-
elute with the radiolabelled metabolites found in the follicle incu-
bations. Incubation of radiolabelled corticosterone with liver tissue
produced a great number of different metabolites that could not be
separated completely by the TLC. Samples from fat tissue could not
be analysed as there were too many lipids interfering with the sep-
aration of the metabolites via TLC. Except for 20b-dihydrocorticos-
terone, none of the other steroid standards could be assigned to
any of the metabolites formed by males’ tissues.Fig. 3. Thin layer chromatographic separations of radioactivity after four hours of
incubating radiolabelled progesterone with tissue from different sized follicles (F1,
F2, F3; see text) of one female together with unlabelled corticosterone added in
three different concentrations to the cell culture medium (0 = 0 ng/ml,
low = 100 ng/ml, high = 1000 ng/ml); P4 = progesterone standard, A4 = androstene-
dione standard, T = testosterone standard; elution position of 17a-hydroxyproges-
terone indicated by arrow.3.3. Experiment 2- inhibitory effects of corticosterone on ovarian
hormone synthesis
In general, follicular tissues metabolized the added radiola-
belled precursors independent of the absence or presence of corti-
costerone (see Figs. 3 and 4). All incubations yielded similar
metabolite patterns and differences between the three corticoste-
rone dosages were not detected. Several different metabolites were
formed of which some could be assigned to the applied standards:
In both the P4 and the DHEA incubations, one metabolite co-eluted
with the androstenedione standard. In the P4 incubations, the twoFig. 1. Thin layer chromatographic separations of recovered radioactivity after one,
two, four and eight hours of incubation of radiolabelled corticosterone with tissue
from different sized follicles (F1, F2, F3; see text) of one female; Std=corticosterone
standard, C.I.=control incubation without tissue, Cort=elution position of cortico-
sterone standard, Dihydrocort=elution position of 20b-dihydrocorticosterone stan-
dard, M1, M2, M4=formed metabolites.larger follicles (F1 and F2) formed a metabolite that co-eluted with
the 17a-hydroxyprogesterone standard. This metabolite was not
visible in the smallest follicles’ incubations. In the DHEA incuba-
tions, a major share of the formed metabolites showed the same
chromatographic mobilities as androstenedione and testosterone,
and there was more radioactivity found at these positions than at
the DHEA spot, except in the smallest follicles’ incubations. In
those follicles (F3), after four hours of incubation most of the radio-
activity was still present at the position of DHEA, and compared to
the larger follicles, less radioactivity eluted at the positions of
androstenedione and testosterone. In both incubations, none of
the formed metabolites could be assigned to the estrogen stan-
dards (estrone, 17a- and 17b-estradiol) because separation of
radioactive metabolites with lower Rf values than testosterone
was insufﬁcient and did not allow a precise assignment to individ-
ual standards.
Fig. 4. Thin layer chromatographic separations of radioactivity after four hours of
incubating radiolabelled dehydroepiandrosterone with tissue from different sized
follicles (F1, F2, F3 see text) of one female together with unlabelled corticosterone
added in three different concentrations to the cell culture medium (0 = 0 ng/ml,
low = 100 ng/ml, high = 1000 ng/ml); DHEA = dehydroepiandosterone standard,
A4 = androstenedione standard; T = testosterone standard.
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The present study investigated a local inhibitory effect of gluco-
corticoids on ovarian hormone synthesis in chickens. We ﬁrst
tested if avian follicles have the enzymatic capacity to metabolize
corticosterone and if the formed metabolites are tissue-speciﬁc. In
a second experiment, we assessed a possible inhibitory effect of
corticosterone on the conversion of P4 and DHEA by ovarian folli-
cles. We expected that degradation of corticosterone by the follic-
ular cells would impair their ability to synthesize reproductive
hormones due to inhibition of certain enzymes or competition
for common co-factors. To answer these questions we chose to
incubate follicle cells with radiolabelled hormones and analysed
the formed end products qualitatively and quantitatively via thin
layer chromatography. Although this method is less sensitive or
speciﬁc than other techniques such as measuring enzyme activity
or enzyme gene expression it still seemed most appropriate to an-
swer our questions. Measuring enzyme activity would have com-
prised several individual experiments, as corticosterone might
inhibit different enzymes, furthermore a potential shortage of
common co-factors would remain undetected. Assessing enzyme
gene expression gives no indication about actual enzyme availabil-
ity and activity and would thus give only inadequate information.
As this is the ﬁrst study ever on that particular topic, we think that
results obtained by this rather classical methodology represent a
profound and solid basis for further investigations. Incubation of
radiolabelled corticosterone with theca cell tissue revealed that
corticosterone was degraded in a time-dependent manner into
more polar metabolites. The formed metabolites result from enzy-
matic activity of the ovarian tissue, as in the control incubations
spontaneous degradation of radiolabelled corticosterone did not
occur.
Investigations were carried out using ovarian follicles of three
different sizes in both experiments, because the enzymatic capac-
ities of birds’ follicles change during the course of maturation
(Etches and Duke, 1984; Lee et al., 1998). In contrast to our expec-
tations however, comparison between different sized follicles re-
vealed no inﬂuence of maturation stage on metabolite patterns.
This indicates the presence of similar enzymes throughout follicu-
lar growth, as all follicles converted corticosterone into the samemetabolites. Another explanation might be that some of the pro-
duced metabolites were not extracted with the same efﬁciency
as others. Furthermore in our experiment, the granulosa cell layer
was removed during follicle preparation, which might have
masked some differences between small and larger follicles. Gran-
ulosa cells are more active in large, preovulatory follicles (Tilly
et al., 1991), but whether this also affects corticosterone metabo-
lism at all cannot be answered in the present study. We found that
all follicles produced similar amounts of the same metabolites. In
all incubations, one metabolite co-eluted with 20b-dihydrocorti-
costerone was found in highest concentrations. This indicates that
ovarian theca cells degrade corticosterone mainly via 20b-reduc-
tion. However, this pathway does not seem special for chicken fol-
licular tissue: Incubation of corticosterone with other tissues
yielded the same metabolite. In accordance with our observations,
McNätt et al. McNätt et al. (1992) describe the exclusive conver-
sion of cortisol to 20b-dihydrocortisol when incubated with chick-
ens’ chorioallantoic membrane. These ﬁndings suggest the
presence of the enzyme 20-HSD in several chicken tissues. Accord-
ingly, Kucka et al. Kucka et al. (2006) showed 20-HSD activity in
ovary, testis, kidney, intestines, liver, brain and oviduct. Also,
mRNA expression of 20-HSD was conﬁrmed by Bryndova et al.
Bryndova et al. (2006) in several chicken tissues. In addition to
20b-dihydrocorticosterone, we found that the ovarian tissue also
synthesized three other metabolites with higher polarity than cor-
ticosterone, which could not be assigned to any of the used stan-
dards. The same metabolites were also formed by testis, adrenals
and kidney tissues, whereas liver, muscle, brain and lung produced
small amounts of additional metabolites. The further biochemical
characterisation of these metabolites was however beyond the
scope of the present study. Overall, in both males’ and females’ tis-
sues, none of the formed metabolites co-eluted with the tested 11-
dihydrocorticosterone standard, suggesting no evidence for con-
version of corticosterone into 11-dihydrocorticosterone. In general,
birds seem to prefer reduction at position 20 for glucocorticoid
metabolism (Vylitova et al., 1998), whereas in mammals glucocor-
ticoid activity is regulated mostly via reduction or oxidation of po-
sition 11. In chicken ovaries 11b-HSD activity was not found, but
the enzyme is present in the avian kidney (Klusonova et al.,
2008; Kucka et al., 2006). However, in our kidney incubations we
did not detect any radioactivity at the elution position of 11-dehy-
drocorticosterone. This could be due to differences in co-factor
abundance, as for example the avian intestine converted cortico-
sterone into 11-dehydrocorticosterone only in the presence of
NAD+ or NADP+, whereas in the presence of NADPH, 11-dehy-
dro-20-dihydrocorticosterone and 20-dihydrocorticosterone were
formed (Vylitova et al., 1998). Similar conclusions were drawn by
Katz et al. Katz et al. (2010), who found that ovaries formed more
11-oxo-metabolites whereas testes produced 20-dihydrocorticos-
terone. In our own experiment, metabolites produced by male
and female gonads seemed highly similar. The other tissues inves-
tigated in the present study were all collected from male birds
only. Besides the differences between male and female gonads de-
scribed by Katz et al. Katz et al. (2010), none of the above cited
authors observed sex differences in corticosterone metabolism,
neither in peripheral tissues nor in the brain. However, in future
studies it might still be of interest to assess potential sex differ-
ences in corticosterone metabolism in more detail, as type and
amount of glucocorticoid metabolites in the excreta can largely dif-
fer between male and female individuals (Touma and Palme,
2005).
In the second experiment, we incubated follicular tissue with
radiolabelled P4 and DHEA in the presence of different corticoste-
rone dosages. Several metabolites were formed, unaffected by the
presence of corticosterone. In the P4 incubations, two of the
formed metabolites could be assigned to the androstenedione
72 S. Rettenbacher et al. / General and Comparative Endocrinology 184 (2013) 67–74and the 17a-hydroxyprogesterone standards, respectively. Incu-
bations with DHEA yielded two main metabolites that co-eluted
with the androstenedione and testosterone standards, respec-
tively. These ﬁndings clearly show that a certain share of the
added radiolabelled precursors were converted by the ovarian
tissue along the classical pathways described in literature, indi-
cating activity of the enzymes 17a-hydroxylase and 17,20-lyase
for conversion of P4 into 17a-hydroxyprogesterone and andro-
stenedione as well as 3b-HSD for conversion of DHEA into andro-
stenedione and 17-oxidoreductase for conversion
androstenedione into testosterone (Payne and Hales, 2004). In
general, the smallest follicles (F3) seemed to metabolize the
precursors differently than the two larger follicles. In the P4 incu-
bations, F3 cells did not form a metabolite that co-eluted with
17a-hydroxyprogesterone, which could be partly due to different
enzymatic capacities: According to literature, small follicles con-
vert pregnenolone to DHEA to further synthesize androstenedione
and estrogens via the D5-pathway (Lee et al., 1998). During the
course of maturation steroid production shifts towards the D4-
pathway, with larger follicles now using P4 and 17a-hydroxypro-
gesterone as substrates for androstenedione production (Robinson
and Etches, 1986). In the DHEA incubation however, small folli-
cles seemed to metabolize the precursor to a lesser degree than
larger follicles. This might simply be explained by the fact that,
compared to larger follicles incubating tissue from smaller folli-
cles resulted in fewer active follicle cells or reduced amounts of
available co-factors. We refrained from quantifying exact
amounts of the produced reproductive steroids, as the enzymatic
activities of follicles and the different steroidogenic pathways
during the course of maturation have already been well-investi-
gated elsewhere (Etches and Duke, 1984; Lee et al., 1998; Porter
et al., 1989). Furthermore, the main goal of the present study was
to determine a possible inhibitory effect of corticosterone on fol-
licular enzyme activity. We deduct from the present experiment
that the added corticosterone had no inﬂuence on the metabolism
of P4 and DHEA. The radiolabelled precursors were converted
independently of the presence of corticosterone. This suggests
that corticosterone did not inhibit enzymatic activity of ovarian
cells, even at a concentration of 1,000 ng/ml cell culture medium.
However, we do not think that the dosages we chose in our
experiment were too low to produce any effect. In rats, Sankar
et al. Sankar et al. (2000a) found that corticosterone concentra-
tions of 200–400 ng/ml decreased basal and LH-stimulated testos-
terone production. As we did not add LH or FSH to our in vitro
incubations, one explanation for our ﬁndings could be the fact
that the presence of gonadotropins is still necessary for a local
inhibition of corticosterone on ovarian activity in the chicken.
To our knowledge, previous studies in birds on this topic do not
exist and ﬁndings in mammals are ambiguous. Some in vitro stud-
ies assessed the suppressive effect of glucocorticoids on reproduc-
tive hormone synthesis in the presence of LH or FSH (Sankar
et al., 2000a; Yang et al., 2001), whereas other authors found ef-
fects that were not gonadotropin-mediated (Badrinarayanan
et al., 2006; Orr et al., 1994). Further studies in birds could ex-
plore a potential role of gonadotropins in mediating local inhibi-
tory effects of glucocorticoids on reproductive hormone synthesis.
Furthermore, in vitro conditions certainly differ from the natural
situation in the bird where the ovary is constantly synthesizing the
whole cascade of reproductive hormones, thereby regenerating co-
factors which might at the same time be necessary for corticoste-
rone degradation. Although Rozenboim et al. Rozenboim et al.
(2007) did not observe a decrease in chickens’ LH and FSH plasma
levels after a stressor, it is still possible that the suppressive effect
of glucocorticoids on reproductive hormone synthesis is mediated
exclusively via the hypothalamic-pituitary-axis. Gonadotropins are
secreted in pulsatile or episodic patterns (Gledhill and Follett,1976; Vizcarra et al., 2004) which might complicate the detection
of a decrease in plasma concentrations. In addition, other factors
might be involved in the stress-related inhibition of the reproduc-
tive axis in avian species: Recent mammalian studies highlighted
the relevance of substances such as IGF-1 or gonadotropin-inhibi-
tory hormone in HPA-HPG interactions (Kirby et al., 2009; Viveiros
and Liptrap, 1999).
Stressful stimuli have been shown to inhibit the cholesterol
side-chain cleavage enzyme responsible for the conversion of cho-
lesterol to pregnenolone (Stojkov et al., 2012). Future studies could
address a possible effect of corticosterone on this early stage in
reproductive steroid hormone synthesis. If glucocorticoids exert
their inhibitory effects during such an early stage of the reproduc-
tive hormone production cascade, this might also imply that they
affect the enzymatic activity of granulosa cells more than that of
theca cells. Granulosa cells synthesise mainly progesterone, which
is used subsequently by the theca layers to produce testosterone
and estrogens (Porter et al., 1989). The granulosa itself has only
very limited enzymatic capacity to further metabolize progester-
one or DHEA, which we used as substrates in our second experi-
ment. Therefore, the observed degradation of the added
radiolabelled precursors is not inﬂuenced by the removal of the
granulosa in the present study. Future experiments however
should assess whether glucocorticoids inhibit earlier stages of
reproductive hormone synthesis in the granulosa cell layer. In con-
clusion, our experiments show that corticosterone is enzymatically
degraded by the chicken ovary. The reduction at position C20
seems to be a common feature of avian tissues, probably to prevent
corticosterone from binding to mineralocorticoid receptors (DiBat-
tista et al., 1989). In contrast to other tissues however, conversion
of corticosterone by the ovary might serve an additional purpose:
Overexposure to glucocorticoids can have detrimental effects on
embryonic development (Drake et al., 2007). In mammals, the pla-
centa inactivates glucocorticoids from the maternal circulation,
thereby protecting the fetus from maternal stress (Murphy et al.,
1974). In oviparous species, the follicular wall with its enzymatic
abundance might represent a similar protective mechanism. Previ-
ous studies revealed that egg yolk contains only minor amounts of
corticosterone (Rettenbacher et al., 2009) and showed that mater-
nal stress can be mediated to the bird embryo via other hormones
instead (Henriksen et al., 2011a). From our present results, a func-
tion of C20-reduced metabolites as mediators of maternal stress
could be inferred. When a female bird is stressed and has elevated
levels of plasma corticosterone during egg formation, 20b-dihydro-
corticosterone might be transferred into the yolk and albumin. Fur-
ther research should therefore conﬁrm the presence of 20b-
dihydrocorticosterone in avian eggs and whether it is a biologically
active compound which can act as a hormonal signal for the bird
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